The development of small animal models that elicit human immune responses to dengue virus (DENV) is important since prior immunity is a major risk factor for developing severe dengue disease. This study evaluated anti-DENV human antibody (hAb) responses generated from immortalized B cells after DENV-2 infection in NOD-scid IL2r null mice that were co-transplanted with human fetal thymus and liver tissues (BLT-NSG mice). DENV-specific human antibodies predominantly of the IgM isotype were isolated during acute infection and in convalescence. We found that while a few hAbs recognized the envelope protein produced as a soluble recombinant, a number of hAbs only recognized epitopes on intact virions. The majority of the hAbs isolated during acute infection and in immune mice were serotype-cross-reactive and poorly neutralizing. Viral titers in immune BLT-NSG mice were significantly decreased after challenge with a clinical strain of dengue. DENV-specific hAbs generated in BLT-NSG mice share some of the characteristics of Abs isolated in humans with natural infection. Humanized BLT-NSG mice provide an attractive preclinical platform to assess the immunogenicity of candidate dengue vaccines.
Introduction
Dengue virus, the causative agent of dengue fever (DF), is one of four closely related viruses known as dengue serotypes 1-4. Primary (1 ) infection with one serotype provides life-long immunity to that serotype but does not protect against the other three serotypes. 1 Secondary (2 ) infection with a heterologous serotype puts people at greater risk for developing severe forms of dengue disease, dengue hemorrhagic fever (DHF), and dengue shock syndrome (DSS). 2, 3 Dengue virus (DENV)-specific immune responses are hypothesized to contribute to the immunopathology seen during secondary infection. 4 Most patients who present to the hospital with dengue infections live in endemic areas and are experiencing a secondary infection. The serotype of the previous DENV infection is difficult to determine since antibodies with a broader pattern of neutralization to all four serotypes are elevated during and after a second infection. 5 Adoptive transfer of immune sera in mice and prospective cohort studies in humans provide evidence for antibodies in protection from severe disease. [6] [7] [8] Weakly neutralizing antibodies from the first infection, however, have the potential to bind to the second serotype and enhance infection of FcgR bearing myeloid cells such as monocytes and macrophages by a process known as antibodydependent enhancement (ADE). [9] [10] [11] During acute dengue infection, there is rapid activation and expansion of dengue-specific plasmablasts. [12] [13] [14] [15] Several groups have generated and characterized human monoclonal antibodies isolated from B cells in DENV-immune donors. [16] [17] [18] [19] [20] [21] Cross-reactive antibodies specific for the envelope (E), premembrane (prM) protein and non-structural protein-1 (NS1) with poor, moderate, or potent neutralizing activity have been isolated. A number of hmAbs from DENV-immune donors bind quaternary structures and conformation-sensitive epitopes detected only on mature virions and not on E proteins produced as a soluble recombinant (rE). 22 Given the potential for DENV-specific antibodies to protect from or enhance severe disease, human studies and animal models are essential to determine how B-cell responses and Abs generated in response to DENV infection differ in primary versus secondary cases or mild versus severe disease.
Humanized mice have been used recently to evaluate human immune responses to dengue infection and dengue viral insect transmission. [23] [24] [25] [26] [27] We recently demonstrated heightened DENV-specific antibody responses in the sera of humanized BLT-NSG mice compared to cord blood hematopoietic stem cell (HSC) engrafted mice. 24 Immune sera from BLT-NSG mice were able to neutralize DENV infection in vitro. Studies with human monoclonal anti-DENV antibodies (hmAbs) have highlighted both similarities and major differences between the behavior of sera from convalescent DENV patients and purified hmAbs. [16] [17] [18] 20, 28, 29 Therefore, similar studies need to be performed in all animal models that seek to be useful in understanding aspects of human immunity to dengue.
In this manuscript, we performed a detailed analysis of the human B cell compartment following infection with DENV in BLT-NSG mice. Furthermore, we isolated and compared the functional characteristics of hAbs generated from immortalized B cells during acute DENV infection and in convalescence. Our data indicate that antigen-specific human IgM Abs are the predominant immunoglobulin isotype secreted by B lymphocytes in DENV-infected BLT-NSG mice. Some of the functional characteristics of the hAbs generated in BLT-NSG mice resemble characteristics of DENV-specific Abs isolated in humans with natural infection. Finally, we provide evidence that mice immunized with a candidate vaccine strain of DENV had decreased viral loads compared to naïve mice when challenged with a clinical strain of DENV.
Methods

Ethics statement
All experiments were performed in accordance with guidelines of the Institutional Review Board and the Institutional Animal Care and Use Committee of the University of Massachusetts Medical School. Animal use conforms with the recommendations in the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Research Council, National Academy of Sciences, 1996).
Generation of BLT-NSG mice
NOD.Cg-Prkdc scid Il2rg tm1Wjll /SzJmice (NSG) and NOD.Cg-Prkdc scid Il2rg tm1Wjll Ifnar1 tm1Agt /SzJ mice (NSG-Type 1 IFNR KO) mice were bred at The Jackson Laboratory and subsequently maintained in the animal facilities at the University of Massachusetts Medical School. NSG mice at 6-8 weeks of age were irradiated (200 cGy) and surgically implanted together under the same kidney capsule with 1 mm 3 fragments of human fetal thymus and liver on the day as the tissues were received as detailed in our recent report. 30 Tissues were purchased from Advanced Bioscience Resources (Alameda, CA). On the same day as the tissue transplant, CD3-depleted hematopoietic cells derived from autologous fetal liver were injected by the intravenous route into the mice to achieve 1 to 5 Â 10 5 CD34 þ cells, as a source of HSC. Human cells were allowed to engraft and to generate an immune system in recipient mice for at least 12 weeks, at which time human hematolymphoid engraftment was validated by flow cytometry on peripheral blood. Successfully engrafted mice (BLT-NSG) were then randomized based on engraftment levels for use.
Infection of BLT-NSG mice with DENV
Dengue virus serotype-2 strain S16803 was initially provided by Dr Robert Putnak at Walter Reed Army Institute of Research and propagated at the University of Massachusetts Medical School. Groups of BLT-NSG mice were inoculated with a live attenuated candidate vaccine strain DENV-2 S16803 (10 8 PFU) by the subcutaneous (s.c.) route. In our previous studies, immunization by the s.c. route yielded better responses than immunization by the i.p. route. 24, 25 Dengue virus serotype-2 C0576/94 strain was provided by Dr Alan Rothman at the University of Rhode Island. For challenge studies, mice were inoculated with a low-passaged clinical DENV-2 strain, C0576/94 ($10 6 PFU) by the intravenous route. Splenocytes were depleted of RBCs using RBC lysis buffer (SIGMA, St. Louis, MO) and processed to make single cell suspensions for B cell assays. Aliquots of sera were immediately frozen at À80 C for RNA analysis and antibody titers.
Quantification of viral RNA
Serum viral RNA was extracted and purified using the QIAamp Viral RNA Mini Kit (Qiagen, Valencia, CA). Viral RNA copy numbers in sera were measured by using the quantitative real-time RT-PCR-based TaqMan system (Applied Biosystems, Foster City, CA). The RNA was subjected to reverse transcription and amplification using a TaqMan One-Step RT-PCR Master Mix Reagents Kit with DENV-2 consensus primers (forward, 5 0 AAGGTGAGATGAAGCTGTAGTCTC-3 0 , and reverse, 5 0 CATTCCATTTTCTGGCGTTCT-3 0 ) and DENV-2 consensus TaqMan probe (6FAM-5 0 CTGTCTCCTCAGCATCA TTCCAGGCA-3 0 -TAMRA). Probed products were quantitatively monitored by their fluorescence intensity with the ABI 7300 real-time PCR system (Applied Biosystems). DENV-2 viral RNA was used as control RNA for quantification. Viral RNA in sera was calculated based on the standard curve of control RNA. All assays were carried out in triplicate.
Generation of bulk cultures
Splenocytes (5 Â 10 6 ) from DENV-infected BLT-NSG mice were immortalized with Epstein-Barr virus (EBV) in the presence of 2.5 mg/mL CpG (Operon Technologies, Alameda, CA, USA), 1000 U/mL rhIL-2, and 30 mg/mL holo-transferrin (Sigma Biochemicals, St. Louis, MO, USA), as previously described. 31 After two weeks, cells were counted and were plated at 100 cells/well in 96-well plates, together with 1 Â 10 5 allogeneic irradiated PBMC and maintained thereafter with bi-weekly stimulation with CpG, rhIL-2, and transferrin. Supernatants were collected every two weeks and tested for antibody secretion.
Sequencing and cloning of antibody genes from bulk cultures RNA was extracted from $1 Â 10 6 EBV transformed and cultured cells using an RNAqueous RNA isolation kit (Life Technologies, Grand Island, NY, USA). One microliter of purified RNA was used for the reverse-transcriptase (RT-PCR) reaction. In brief, RNA was converted to cDNA using a One-Step RT-PCR kit (Qiagen). Individual reactions were performed for the human heavy chain (five primers), kappa light chain (four primers), and lambda light chain (eight primers), as detailed for single cell reactions in Smith et al. 32 The reaction mix was then run on an agarose gel to confirm the presence of a properly sized band and lack of contamination in the buffer controls. Positive samples were then sequenced to obtain V and J gene usage. Finally, another round of PCR prepared the VH(D)J/VLJ for cloning into a transient expression vector. Details of this vector and expression conditions can be found in our previously published manuscript. 32 Nucleotide alignments with germline genes were performed using the sequence analysis tools IgBLAST and IMGT/V-QUEST.
Flow cytometry
Splenocytes were washed and rested in RPMI/10% FBS at 37 C for 2 h. Cells were washed with FACS buffer (PBS/2% FBS/0.1% sodium azide) and incubated with a cocktail of monoclonal antibodies: hCD45 Alexa700, mCD45 Pacific Orange, CD19 PeCy7, CD20 PerCPCy5.5, CD38 APC, CD27 APC Cy7 (all from BD BioSciences, San Diego, CA), CD10 PECy5 (Beckman Coulter, Brea, CA), IgM PE, and IgD FITC (Dako, Carpinteria, CA, USA). Titrated amounts of antibodies were added to cells from the bone marrow and spleen and incubated at 4 C for an additional 30 min. Cells were washed and fixed with BD Stabilizing Fixative TM (BD Biosciences). Data were collected on a BD FACSAria TM equipped with Diva v7.0 and CS&T v2.0 software (BD Biosciences) and analyzed using FlowJo version 10.
Detection of DENV specific antibody responses
DENV-2 recombinant envelope (rE) protein was purchased from Hawaii Biotech/Merck. The DENV-1-4 antigens were prepared from infected Vero cell monolayers, as previously described. 24 To detect intact virions, 96-well plates were coated with concanavalin A (ConA;Vector Laboratories, Burlingame, CA, USA) at 25 mg/mL in 0.01 M HEPES (Gibco) in a total volume of 100 mL/well for 1 h. The wells were washed and 50 mL serum-free DENV preparations was added for 18 h. Then, 96-well microplates were coated overnight with 100 ng/well of DENV-2 E protein (Hawaii Biotech) or 1:40 dilution of DENV-2 infected vero cell lysate or 50 mL Con A immobilized virions. The plates were blocked with 1% bovine serum albumin for 90 min. A 1:10 dilution of sera or different dilutions of supernatants as indicated from bulk lines and B cell lines were added to the wells for 1 h. Supernatants from B cell lines that secreted hAbs were tested for binding to uninfected vero cell lysates or Con A alone to confirm specificity of binding. In every assay, wells which contained media that B cell lines were grown in were added as negative controls. Positive controls included known bulk supernatants from splenocytes of immune BLT-NSG mice. All assays were carried out in duplicate. The plates were washed with PBS containing 0.1% Tween-20. Horseradish peroxidase-labeled goat antihuman IgM (Bethyl Laboratories INC. Montgomery, TX, USA) was added as the secondary antibody. TMB solution (SIGMA-ALDRICH Inc., St. Louis, MO) was used as the substrate. The enzyme reaction was stopped by addition of 1 M HCL and the plates were read at 450 nm.
Avidity assay
Two sets of 96-well microplates were coated overnight with a 1:40 dilution of DENV inactivated lysate or 50 mL of Con A immobilized DENV. Plates were blocked with 1% BSA for 90 min and incubated with 100 mL serially diluted supernatants from hAbs in duplicate for 1 h at 37 C. Plates were washed with PBS/0.1% Tween-20. One set of plates was incubated with 8 M urea for 10 min at 37 C. Both sets of plates were washed and incubated with anti-human IgM-HRP (A80-104P; Bethyl Laboratories) for 1 h at 37 C. TMB (3,3 0 ,5,5 0 -Tetramethylbenzidine) solution was then added, and the enzyme reaction was stopped by addition of 1 M hydrochloric acid. Absorbance values greater than two-fold above background were considered positive. Avidity indices were calculated as the ratio of the optical density (O.D.) with urea to the O.D. without urea.
Flow cytometry-based neutralization assay
Supernatants of B cells were tested for DENV neutralization activity. The culture supernatants were serially diluted in MEM medium containing1% bovine albumin supplemented with penicillin and streptomycin. DENV-2 was added to the diluted supernatant and incubated at 4 C for 1 h. The virus and supernatant mixture was added to the U937 cells expressing DC-SIGN. Each dilution was assayed in duplicate. Cells were permeabilized using Cytofix/ Cytoperm and stained with 1:100 dilution of DENV-specific antibody 2H2 (Millipore) followed by 1:200 dilution of FITC-conjugated anti-mouse IgG as a secondary antibody (Sigma). The percent neutralization was calculated for each dilution using formula 100-[(frequency of infected cells in the presence of antibody Â 100)/frequency of infected cells in the absence of antibody].
Passive transfer studies with immune sera in NSG-Type 1 IFNR KO mice
Polyclonal anti-DENV immune sera were obtained from BLT-NSG mice infected 4-8 weeks previously with DENV-2 S16803. To prepare polyclonal serum, blood was collected via cardiac puncture, allowed to clot, and then serum was removed and pooled. Initial validation studies were performed in NSG-Type 1 IFNR KO mice using the DENV-2 strain 16681. Approximately 100 PFU of DENV-2 16681 was pre-incubated with 100 mL of 3H5-antibody (1 mg/mL), 100 mL immune sera, immune sera diluted 1:4 or 100 mL PBS for 1 h at 37 C. Groups of NSG-Type 1 IFNR KO mice were then inoculated with 100 mL per mouse of each mixture via subcutaneous injection. Serum was collected at days 5 and 10 post-infection.
Statistical analysis
All statistical calculations were performed using Graph Pad Prism version 5. Mann-Whitney U tests (two-tailed) were performed to determine statistically significant differences between median values of each data set. P < 0.05 was considered significant.
Results
B cell engraftment in BLT-NSG mice
We recently demonstrated that BLT-NSG mice implanted with HLA-A2-positive or negative human fetal thymus and liver had high-level engraftment of multiple human T and B cell populations in their bone marrow and spleen. 24 In our previous study, we analyzed the overall T cell and antibody responses in the sera of immune BLT-NSG mice. We wanted to substantially extend our previous studies and determine whether infection with DENV altered the frequency, phenotype of B cells and hAbs secreted by B cells in BLT-NSG mice. BLT-NSG mice were infected by the subcutaneous (s.c.) infection with 10 8 PFU of a parent strain of a candidate vaccine DENV-2 S16803. We first compared the frequency and phenotype of human B cells by multiparametric flow cytometry analyses in the spleen and bone marrow of acutely infected (d7 post-DENV infection) mice to naïve and immune (d45 post-DENV infection) mice using the gating strategy shown in Supplementary Figure 1 
CD10 expression on B cells during acute DENV infection
We next wanted to directly phenotype human B cell subsets in the spleen (peripheral lymphoid organ) and bone marrow (the site of B cell development) in acutely infected and immune BLT-NSG mice. Biswas et al. reported that B cells in the periphery of BLT-NSG mice express high levels of CD5 and CD10. 33 Antibodies against CD19, CD20, CD38, CD27, IgM and IgD typically used to phenotype human B cells and antibodies against CD10 were used to further phenotype B cells from BLT NSG mice. In humans, CD5 is a marker associated with a subset of B cells called B-1 B cells predominantly of the IgM subclass 34 and CD10 expression is a marker associated with immature B cells. 35 We found significant expression of CD10 on CD19 þ CD20 þ and CD19 þ CD20-B cells isolated ''ex vivo'' from the spleens of BLT-NSG mice. We compared the intensity of CD10 expression (hi, lo and negative) on major B cell populations in the spleen and bone marrow cells of naïve, acutely infected, and immune BLT-NSG mice. Our results indicate that there was a significant increase in the percentage of cells that were CD10 hi on CD19 þ CD20 þ and CD19 þ CD20 À B cells in splenocytes from acutely infected (d7) mice compared to naïve or immune mice (Figure 2 (a) and (b)). The overall frequency of CD10 hi cells was higher in the bone marrow compared to the spleen as expected; the difference in the frequency of CD10 hi cells between acutely infected and naïve mice was also apparent in the bone marrow (Figure 2(c) and (d) ). Representative flow plots of the intensity of CD10 expression on splenocytes and bone marrow cells are shown in Supplementary Figure 1 We further characterized the surface expression of CD38, CD27, IgM, and IgD on B lymphocytes with varying intensities of CD10 expression in the spleens of acutely infected mice. The majority of the CD10 hi cells were IgM þ IgD-CD27-CD38 hi while CD10 lo and CD10 neg cells were >60%IgM þ IgD þ with intermediate CD38 expression ( Supplementary Figure 2) . Our data indicate an increased 
Isolation of DENV-specific hAbs from B cells in BLT-NSG mice
We assessed the serotype-specificity of sera from immune BLT-NSG mice by using inactivated lysates from all four serotypes of DENV. We found that the sera from immune BLT-NSG mice (Figure 3a ) bound inactivated lysates of DENV-2 best with moderate binding to lysates of the other three serotypes.
We wanted to isolate hAbs from BLT-NSG mice to determine whether they have characteristics similar to Ab responses detected in humans after natural dengue infection. Splenocytes from mice obtained 7 (acute) or 45 (immune) days post-subcutaneous (s.c.) infection with 10 8 PFU DENV-2 S16803 were immortalized with EBV and stimulated with CpG as previously described. 31 We used vero cell-derived DENV lysates which contain multiple structural and non-structural proteins as well as purified recombinant E protein to assess the breadth of DENV responses in the sera and bulk supernatants from infected mice. IgM Abs specific for DENV-2 antigens and rE protein were detectable in the bulk supernatants from stimulated splenocytes and in the sera from both acutely infected and immune mice (Figure 3b ). DENV-specific IgG antibodies were not detected in the bulk supernatants or immune sera (data not shown). Bulk supernatants from stimulated naïve BLT-NSG splenocytes did not bind DENV-2 Ag and rE protein (data not shown).
Splenocytes from the bulk cultures were seeded at 100 cells/well in 96-well plates, and the immortalized B cell culture supernatants were screened four weeks later for Abs that bound an inactivated DENV-2 lysate. DENV-specific IgM Abs were detected in 132/960 (13%) wells from acutely infected mice and 43/960 (4.4%) wells in immune mice (data not shown). We selected 16 wells from acutely infected mice and 8 wells from immune mice with O.D. values !5 times above background for further analysis. Cells were expanded and supernatants were collected every two weeks and tested by enzyme linked immunosorbent assay (ELISA) to define the major antigens they recognized.
hAbs are serotype cross-reactive and recognize epitopes on the envelope protein and intact virions
We performed an in-depth characterization of the antigens recognized by hAbs, serotype-specificity, and neutralization potency of hAbs produced by immortalized B cell lines generated from DENV-infected BLT-NSG mice. We used vero cell-derived DENV lysates, soluble recombinant E protein, and Con A immobilized intact virions in ELISA assays to identify the antigens recognized by hAbs. We first confirmed that B cells that were positive initially in screening continued to secrete Abs that bound the DENV-2 inactivated lysates (Figure 4 (a) and (b)). Since the inactivated cell lysates contain multiple structural and nonstructural proteins of DENV, we next tested the supernatants for recognition of DENV envelope protein, the major target of anti-DENV antibodies using a soluble rE protein. While the majority (14/16) of Abs secreted by B cells obtained from acutely infected mice bound inactivated DENV lysates, none of the Abs bound rE (Figure 4a ). In contrast 4/8 hAbs isolated from B lymphocytes in immune mice bound the rE protein (Figure 4b ). To determine whether the hAbs generated in BLT-NSG mice were able to bind mature virions, we used a modified ELISA previously tested in our human studies. 36 We used concanavalin A (ConA) to affinity-immobilize viral glycoproteins, 18, 37 and we detected substantial binding of all hAbs to Con A immobilized DENV-2 (Figure 4(a) and (b) ). A number of hAbs isolated during acute infection were not able to bind rE soluble protein but bound epitopes exposed on intact virions and on inactivated cell lysates. Supernatants were tested for binding to uninfected vero cell lysates, media, and Con A to confirm specificity of binding. ELISA results from representative supernatants of hAbs P3-D7 and P3-C11 are shown ( Supplementary Figure 3a) and indicate that binding of hAbs was directed against DENV components.
All hAbs generated in BLT-NSG mice were tested for cross-reactivity to inactivated cell lysates and intact virions from all four serotypes of DENV. They were found to be cross-reactive and able to bind more than one serotype of intact DENV virions and inactivated DENV lysates (Figure 5 (a) and (b) and data not shown).
hAbs generated in BLT-NSG mice have poor neutralizing activity
We tested the neutralizing activity of hAbs using a flowbased neutralization assay with U937 DC SIGN cells. 38 Dengue immune sera and human AB sera were used as controls to establish the assay (Supplementary Figure 3b) . Neutralization reached 100% only at high concentrations of hAbs used from immunized BLT-NSG mice. Shown are graphs depicting neutralization percentage in the presence of different amounts of supernatants collected from B cells obtained during acute infection and in immune mice (Figure 6(a) and (b) ). While all hAbs had poor neutralizing activity in vitro, the hAbs isolated in immune mice were able to neutralize DENV at higher dilutions compared to hAbs isolated during acute infection.
hAbs generated in immune mice have higher avidity index compared to hAbs obtained during acute infection
We wanted to determine whether hAbs generated in immune mice had a higher avidity compared to hAbs isolated during acute infection reflecting affinity maturation of the antibodies over time. We used avidity assays previously established on samples from dengue-immune donors and our clinical studies. 36, 39 We first assessed the avidity index of bulk supernatants generated from stimulated splenocytes of acutely infected and immune mice. We found a similar avidity index of bulk supernatants from acutely infected and immune mice to all four serotypes of DENV lysates ( Supplementary Figure 3c) . We next compared the avidity index between hAbs generated during acute infection and in immune mice with inactivated DENV lysate and Con A immobilized intact virions. Our data indicate the hAbs generated in immune mice had a higher avidity index to DENV antigens (Figure 6c ) and whole virions (Figure 6d ) compared to hAbs isolated during acute infection.
This increase in avidity between day 7 and day 45 may indicate affinity maturation of the antibodies at day 45. To determine whether the antibodies have undergone somatic hypermutation (SHM), the antibody genes of several day 45 cultures were sequenced. Sequences from three of these antibodies were identical to germline sequences, indicating that no SHM had taken place, nor was it responsible for the avidity increase (Figure 6e ) in antibodies detected at day 45. Therefore, the increase in avidity detected on hAbs at day 45 did not represent affinity maturation of the Abs tested through somatic hypermutation.
DENV-immunized BLT-NSG mice have decreased viral titers
We next determined whether BLT-NSG mice immunized with a candidate vaccine strain DENV-2 S16803 were able to reduce viral replication when challenged with a clinical strain of DENV. Naïve or immunized (administered approximately 10 8 PFU of DENV-2 S16803 3-9 weeks prior) BLT-NSG mice were inoculated with a clinical strain of DENV by the intravenous route. Sera were obtained seven days later and assessed for the presence of DENV-2. By qRT-PCR with a detection limit of 1000 copies per reaction, viral titers were only detected in the sera of naive mice challenged with a clinical DENV-2 strain (Figure 7a ).
We used NSG-Type 1 IFNR KO mice where we see consistent viral replication with very low doses of DENV (unpublished observations), to determine whether immune sera from BLT-NSG mice were able to confer protection. We pre-incubated pooled immune sera from BLT-NSG mice with DENV-2 and were able to show a significant decrease in viral replication in the presence of immune sera five days post-infection in two separate experiments (Figure 7b ). The suppression of viral replication was weaker in one of the two experiments performed when diluted immune serum from BLT-NSG mice was used. When DENV-2 was pre-incubated with a well characterized DENV mAb 3H5, there was a significant decrease in viral titers in infected mice at day 5 by qRT-PCR. Together, our data indicate that DENV-immunized BLT-NSG mice have decreased viral titers when challenged with a clinical strain of DENV. Furthermore, immune sera from BLT-NSG mice were able to effectively decrease viral replication.
Discussion
We demonstrate in this manuscript that IgM hAbs generated in humanized BLT-NSG mice have some of the functional characteristics of mAbs isolated from patients with natural dengue infection. hAbs isolated during acute infection and in immune BLT-NSG mice were highly cross-reactive, poorly neutralizing, and many recognized determinants on intact virions but not rE protein. 16, [18] [19] [20] 36 Furthermore, immunized BLT-NSG mice were able to effectively control viral replication when challenged with a clinical strain of DENV. However, as shown by other groups, BLT NSG mice have compromised B cell differentiation with an elevated number of immature B cells in the periphery 33, 40, 41 and lack of production of DENV-specific IgG. These findings indicate that BLT-NSG mice require further optimization before they can be used as an appropriate animal model to assess human Ab and B cell responses after controlled primary and secondary homologous and heterologous DENV infections in vivo.
The vast majority of patients with dengue infection live in endemic areas and are experiencing a second infection. The mechanism(s) responsible for the development of more severe disease remain to be clearly defined but Abs are proposed to prevent or enhance disease. Ab responses are markedly different during 1 and 2 DENV infections in humans. 42, 43 Following a 1 DENV infection, humans develop Abs that cross-react with all four serotypes, but mainly neutralize the homologous serotype responsible for the infection. Following a 2 infection with DENV, Ab responses are characterized by a much higher titer with a broader pattern of neutralization to all four serotypes. Due to the broad pattern of Ab reactivity, it is difficult to identify the specific serotype of the first DENV infection. We have shown that human B cell responses and hAb responses are detected in BLT-NSG mice after a 1 infection. The ability to control the dose, serotype, and route of infection for a second infection is an important advantage of this model necessary to delineate the contributions of prior humoral immunity to a second infection with DENV.
As has been reported by other groups, a large number of B-cells in the periphery of BLT-NSG mice are immature. 33, 40, 41 Lang et al. recently reported that a more mature population of B-cells in BALB/c-Rag2 null IL2r null mice was detected which was associated with antigen-specific IgG responses in mice maintained over 16 weeks. 44 We found B-cells at all major stages of the developmental pathway (early immature, immature and mature naïve) in BLT-NSG mice, but cells expressing CD27, associated with a memory phenotype (either IgM or IgG), were not present. During acute infection, we found an increase in the frequency of B-cells expressing high levels of CD10 in the spleen. The CD10 hi cells expressed markers mostly associated with immature cells (CD38 hi IgM þ IgD-) which lead us to conclude that immature cells were recruited into the periphery during acute infection. This observation in BLT NSG mice adds two complications to the studies. First, malaria and HIV are known to cause a flux of CD10 hi cells in the periphery. 45, 46 It is unclear, however, whether DENV also induces CD10 hi B cells to be recruited into the periphery or whether blunted B cell differentiation in humanized models results in the expansion of CD10 hi (presumably immature) cells. Furthermore, although they are likely to be antigen-inexperienced, it is unknown whether these cells are able to secrete Abs.
Our data suggest that DENV can activate IgM-secreting B-cells in humanized BLT-NSG mice. The Abs that only recognize intact virions may recognize glycosylated epitopes present on the intact virion but not on the recombinant E protein or it is possible that they recognize conformationdependent epitopes present on intact virions. Abs that recognize intact virions may represent a more dominant proportion in BLT-NSG mice compared to responses in humans. Natural antibodies secreted by B cells are predominantly of the IgM subclass. These Abs have been characterized extensively in mice and are present during early human life and have been shown to be polyreactive. 47 In addition to displaying low affinity interactions with selfantigens, these Abs have also been found to play a major role in early protective responses against pathogens. 34 Recently, cord blood HSC-engrafted NSG mice were used to demonstrate that the resolution of the primary episode of bacteremia was concurrent with the generation of Borrelia hermsii-specific IgM Abs. 48 When three of the IgM hAbs in our study were sequenced, cloned, and expressed recombinantly with a human IgG1 Fc, we saw significant level of poly-reactivity in all three clones (data not shown). Whether the poly-reactivity was a reflection of the Abs being ''natural'' is unknown and requires further examination.
We previously showed that IgM levels in the sera of immunized BLT-NSG mice did not decline significantly even at eight weeks after immunization. 24 Our findings that hAbs isolated in immune BLT-NSG mice have a higher avidity and better neutralization capacity compared to Abs isolated during acute dengue infection are interesting. The data suggest that B cells present after resolution of infection in BLT-NSG mice may be functionally more mature and perhaps have undergone some form of affinity maturation. However, the sequences of Abs characterized at day 45 were not mutated and were similar to germline Abs. It is possible that repeated exposure to virus, either by conventional germinal center reactions or by TLR stimulation, may have caused cycles of selection, eventually allowing only the B cells with the higher affinity receptors to predominate.
Our findings that immune BLT-NSG mice had lower viral titers compared to naïve mice administered with a clinical strain of DENV suggested that DENV-specific IgM Abs or T cells maintained for a long term in BLT-NSG mice were important for viral control. We transferred immune or naïve sera from BLT NSG mice or a well-characterized dengue monoclonal Ab 3H5 into naive cord blood engrafted or BLT NSG mice, and challenged the mice with a clinical strain of DENV. In several experiments, we were unable to show clear differences in viral titers between mice that received PBS, immune sera, naïve sera, or even the mAb 3H5 (data not shown). Although we have no definitive proof, we speculate that insufficient amounts of immune sera and variable replication of DENV in humanized mice contributed to these inconclusive results. We therefore used NSG-Type 1 IFNR KO mice where we see consistent replication even with very low doses of DENV to determine whether immune sera from BLT-NSG mice can reduce viral titers. In this model, we have shown that transfer of immune sera from BLT-NSG mice resulted in a significant decrease in viral titers. Further studies will need to be performed to conclusively determine whether individual hAbs or T cells isolated from BLT-NSG mice can also decrease viral titers.
There are a number of limitations with generating antigen-specific Ab responses in current models of immunodeficient mice engrafted with human HSC. The poor ability of Abs to class switch has been attributed to the presence of B cells at all stages of the development pathway in the periphery, the lack of HLA restricted T cell help, inadequate germinal center formation, and perhaps limited T cell helper activity. 49 Watanabe et al. were able to show that mature IgM þ IgD þ B cells in NOG mice (that have a truncated IL2r gene) could class switch in vitro and in vivo thereby suggesting that there was no intrinsic defect in B cells generated in NOG mice engrafted with HSC but rather an impairment in T cell help. 41 In our hands, DENV-specific B cells from BLT-NSG mice were not able to class switch in vitro when provided with key cytokines known to enhance class switching (data not shown). The absence of DENV-specific IgG is a significant limitation of (b) DENV-2 16681 (1 Â 10 3 PFU/mL) was incubated with 100 mL PBS (DENV-2), 100 mL 3H5 antibody (3H5), 100 mL BLT-NSG immune serum, and 100 mL diluted (1:4) BLT NSG immune serum for 1 h at 37 C. NSG-Type 1 IFNR KO mice were injected s.c. with 100 mL of a 1:1 mixture and mice were bled at day 5. RNA was isolated from serum and subjected to one-step RT-PCR and quantitative PCR. Values represent copy number of viral RNA present per mg serum RNA detected by quantitative RT-PCR. Two separate experiments were performed (open and closed symbols) and were pooled together for analysis. P values, as determined by Mann Whitney U test, are shown for statistically significant comparisons. Error bars represent the mean with SEM. Dashed line represents the limit of detection this model and it will be challenging to evaluate ADE in current models of humanized mice.
In conclusion, we have demonstrated that DENV-specific IgM Abs generated in BLT-NSG mice have some of the functional characteristics of human Abs. We are actively looking at novel humanized models with improved engraftment and increased expression of cytokines critical for B and T cell maturation and function. Given the role that prior immunity plays in protection and/or pathogenesis during secondary DENV infections, improvement of these animal models is likely to provide key insights into the pathogenesis of DENV infection that would be challenging to perform in humans.
